Calcofluor White ST, a stilbene derivative used commercially as an optical brightener for cellulose, increased the rate of glucose polymerization into cellulose by resting cells of the gram-negative bacterium Acetobacter xylinum. This bacterium normally produces a ribbon of cellulose that is a composite of crystalline microfibrils. In concentrations above 0.1 mM, Calcofluor disrupts the assembly of crystalline cellulose I microfibrils and their integration into a composite ribbon by stoichiometric binding to glucose residues of newly polymerized glucan chains. Under these conditions, the rate of glucose polymerization increases up to 4 times the control rate, whereas oxygen uptake increases only 10-15%. These observed effects are readily reversible. If free Calcofluor is washed away or depleted below the threshold value by binding to cellulose as polymerization continues, ribbon production and the normal rate of polymerization resume. It is concluded that polymerization and crystallization are cell-directed, coupled processes and that the rate of crystallization determines the rate of polymerization. It is suggested that coupling must be maintained
for biogenesis of crystalline cellulose I. Since cellulose is virtually ubiquitous in the plant kingdom, much effort has been spent trying to understand the mechanism by which it is formed. This problem has proved to be complex because it involves not only the biosynthesis of high molecular weight d3-1,4 glucans but also the biogenesis of crystalline cellulose I fibrils. These fibrils exist in a parallel chain crystalline lattice, although the antiparallel chain lattice, cellulose II, is thermodynamically favored (1, 2) . More progress has been made toward understanding the biochemistry of polymerization than toward understanding the biogenesis of the fibrils, partly because the attempts to achieve in vitro synthesis of cellulose I by cell-free preparations have proved to be inconclusive (3) (4) (5) (6) (7) .
Recently, in vivo studies of algae and higher plants (8) (9) (10) (11) (12) (13) (14) (15) ) have helped to elucidate the macromolecular mechanisms of microfibril biogenesis, suggesting that cellulose microfibrils elongate from organized terminal synthesizing complexes that move in the plane of the plasma membrane. Studies of Acetobacter xylinum, a bacterium which synthesizes a ribbon of cellulose composed of crystalline microfibrils, have similarly suggested that microfibrils elongate in association with terminal synthesizing complexes; however, these presumed synthesizing complexes have been associated with a longitudinal array of stationary extrusion sites in the lipopolysaccharide layer of the bacterium (16, 17) . All of these studies have been limited to the macromolecular level of fibril assembly because there was no known probe into the molecular mechanism.
Calcofluor White ST (4,4'-bis[4-anilino-6-bis(2-hydroxyethyl)amino-s-trizin-2-ylamino]-2-2'-stilbenedisulfonic acid) has proved to be a valuable tool with which to study the molecular dynamics of microfibril crystallization and ribbon assembly in A. xylinum. This fluorescent brightener is highly substantive for cellulose, forming hydrogen bonds with free hydroxyl groups (18) . When Calcofluor is added to resting cells of A. xylinum, it alters the morphology and crystallinity of the cellulose synthesized (19) . Recent experimental results have led to the hypothesis that the crystallization phase of cellulose microfibril assembly is cell-directed in A. xylinum (20) . Crystallization into cellulose I microfibrils requires a precise arrangement of synthesizing sites in relation to the cell surface.
In this study we investigated the effect of Calcofluor on polymerization kinetics. The results indicate that the rate of polymerization is greatly enhanced in the presence of Calcofluor and that polymerization and crystallization are cell-directed, coupled processes in A. xylinum. Such coupling may well be required for biogenesis of cellulose I.
METHODS AND MATERIALS
A. xylinum strain ATCC 23769 from the American Type Culture Collection was grown on glucose for 24 hr at 30°C under static conditions as described (21) . The pellicles produced at the air/liquid interface of the medium were soaked in three changes (each 20 min) of cold 50 mM phosphate buffer (pH 7.0; 150 ml per pellicle). The cells were released by twisting a drained pellicle around a wooden applicator stick, and the cell suspension obtained was used without dilution.
Determination of Rate of Cellulose Synthesis. The standard system contained 1 The increase in rate of synthesis induced by Calcofluor was accompanied by a change in the morphological characteristics of the cellulose produced. In the absence of Calcofluor, synthesis was attended by the rapid appearance (within 2 to 3 min) of macroscopic spherical aggregates. These were composed of a matrix of intertwined, twisting cellulose ribbons in which the cells were embedded (Fig. 2a) . Individual ribbons were composed of bundles of 30-A microfibrils, which integrated laterally into composite ribbons as they elongated in close association with the cell surface (Fig. 2b) . In the presence of Calcofluor, aggregation at the macroscopic level was greatly delayed. Instead of forming narrow, twisting ribbons that elongated parallel to the longitudinal axis of the cells, the bacteria synthesized broad bands of material that fluoresced brightly in the light microscope because of the binding of Calcofluor. After negative staining for electron microscopy, the band was seen to be composed of bent fibrils (15-60 A) that also originated at the cell surface (Fig. 2 d and e) .
The band material formed in the presence of Calcofluor was alkali-insoluble and was rapidly degraded upon digestion with purified cellulase, becoming water-soluble. From viscosity measurements, its degree of polymerization was determined to be approximately 1680, which was about the same as that in control samples.
Aggregation time in the presence of a given amount of Calcofluor was inversely proportional to cell concentration and thus to the rate of cellulose synthesis (Fig. 3) . The amounts of cellulose synthesized and Calcofluor depleted from the medium up to the time of aggregation were approximately constant. The molar ratio of free Calcofluor depleted from the medium to glucose incorporated into cellulose was approximately 3. A similar value was found for the molar ratio of the amount of water-soluble Calcofluor released to the amount of glucose released by cellulase digestion of the product formed before aggregation. It is noteworthy that approximately 0.1 mM Calcofluor remained free at aggregation time regardless of cell concentration, initial Calcofluor concentration, or rate of synthesis. This value corresponded closely to the critical threshold concentration of Calcofluor below which normal ribbon production was visualized by negative staining for electron microscopy (20) .
The extent to which Calcofluor affected the rate of synthesis and aggregation time of cellulose did not depend on whether the cells were preincubated with Calcofluor or whether Calcofluor and glucose were added simultaneously. The effects of Calcofluor were readily reversible upon removal of the free reagent by washing or by depletion. Cells preincubated with Calcofluor for 15 min and subsequently washed exhibited the same rate of cellulose synthesis after washing as did the nonCalcofluor-treated controls. The rate of cellulose synthesis returned to the normal rate in control cells after the depletion of Calcofluor from the medium and the onset of aggregation (Fig.  4) . The same rapid reversibility was observed in preparations for electron microscopy. When a carbon/Formvar-coated grid with adhering cells was incubated first in a glucose/Calcofluor medium, washed rapidly to remove all free Calcofluor, and subsequently incubated with-Calcofluor-free glucose, a normal ribbon was observed at the cell surface with the Calcofluorinduced band material attached at the far end (Fig. 2c) .
The effect of Calcofluor on the rate of cellulose synthesis was dependent on its concentration. A saturation curve was obtained by plotting the rate of cellulose synthesis as a function of Calcofluor concentration (Fig. 5) . Variation of glucose concentration within a wide range (3-150 mM) did not affect the rate enhancement by Calcofluor. The rate of glucose oxidation to CO2 was only slightly affected by Calcofluor, increasing by [10] [11] [12] [13] [14] [15] 
DISCUSSION
The properties of the product formed by A. xylinum from glucose in the presence of Calcofluor indicate that it is a high molecular weight (3-1,4 glucan. X-ray diffraction studies have shown that it differs from native cellulose only in crystallinity (20) . The Calcofluor-induced product has no detectable crystallinity in the wet state but dries into crystalline cellulose I, whereas the native A. xylinum cellulose has the same cellulose I crystallinity in both wet and dry states. Because Calcofluor is substantive for cellulose and binds with hydroxyl groups of straight chain polysaccharides (18) , it can prevent interchain hydroxyl interactions, which are critical for crystallization of glucan chains into microfibrils (25) . Such a direct binding of Calcofluor to cellulosic hydroxyls is consistent with our observations of (i) a threshold concentration of Calcofluor needed to alter the morphological appearance of the cellulose and (ii) a stoichiometric relationship between the amount of Calcofluor utilized and the amount of cellulose synthesized before aggregation. Thus, Calcofluor not only prevents assembly of microfibrils, thereby changing ribbon morphology; but it also prevents assembly of individual microfibrils, thereby prohibiting cellulose crystallization. The altered cellulose must be in ordered but noncrystalline bundles of parallel glucan chains-namely, in a tactoidal state-because crystalline cellulose I is obtained on drying. This correlates with the strong birefringence shown by the altered product under polarized light (20) .
In addition to changing the morphological appearance and crystallinity of cellulose, the results indicate that Calcofluor also induces a large increase in the rate of glucose polymerization. This effect seems more dramatic because Calcofluor does not change the overall rate of glucose oxidation and, therefore, does not appear to be directly linked to the energy metabolism of glucose, as is the case when a readily oxidizable substrate is added and increases the incorporation of glucose into cellulose (26) .
It is unlikely that the stimulatory effect of Calcofluor is caused by its direct interaction with the cellulose-polymerizing enzymes because: (i) Calcofluor acts as a reactant in the overall process, binding in a stoichiometric ratio to newly synthesized cellulose; (ii) in vitro synthesis of cellulose polymer from UDP-glucose catalyzed by particulate cell-free preparations of A. xylinum is not affected by addition of Calcofluor (unpublished results); and (iii) the polymerizing enzymes are probably not readily accessible to the large, charged Calcofluor molecules. It has been reported that some bacteria incorporate Calcofluor and fluoresce in vivo (27) ; however, darkfield fluorescence microscopy of whole cells and thin sections of A. xylinum show that Calcofluor is not incorporated or bound to the cells under our experimental conditions. Furthermore, the Calcofluor, mM If Calcofluor does not directly affect the polymerizing enzyme systems, its stimulatory effect must then be related to its interference with the crystallization phase of the overall biosynthetic process. From this conclusion it follows that the two phases of cellulose I biogenesis (namely, polymerization and crystallization) are tightly coupled and that the rate of crystallization determines the rate at which polymerization proceeds.
The concept that polymerization and crystallization are tightly coupled in cellulose biogenesis clarifies the mechanism of cellulose microfibril crystallization and is consistent with the proposal that crystallization and ribbon assembly are cell-directed processes in A. xylinum (20) . Brown et al. (16) and Zaar (17) have proposed that crystalline microfibrils are extruded from the pores in the cell surface and that these microfibrils associate into the composite ribbon. The ordered but noncrystalline character of the wet Calcofluor-induced product (20) suggests, however, that under normal conditions of synthesis, microfibril crystallization occurs as tactoidal glucan bundles associate at the cell surface after extrusion. The time required for these bundles to associate and crystallize could limit the rate of polymerization. Further, since many microfibrils form only one highly organized ribbon, it'seems probable that the rates of synthesis at various sites on the cell must be closely coordinated. This suggests that the overall rate of polymerization might be limited by the rate at the slowest site. Since Calcofluor immediately binds to the hydroxyl groups of nascent microfibrils as they are extruded at each site, the two limitations described above are bypassed. Therefore, the full capacity of the polymerizing enzymes at each site can be realized and the overall rate of polymerization is increased. The degree of rate enhancement depends on the Calcofluor concentration (Fig.  3) An alternative mechanism to cell-directed coupling of polymerization and crystallization of cellulose would be a rapid and spontaneous extracellular crystallization of extruded polymer into cellulose I; however, such a mechanism is hardly compatible with the stimulation of glucose polymerization by Calcofluor. Furthermore, spontaneous extracellular crystallization would more than likely result in the thermodynamically favored cellulose II (25) rather than in cellulose I. Cell-directed crystallization of tactoidal glucan bundles as proposed (20) can explain production of thermodynamically less-favored, parallel-chain cellulose I.
The molar ratio of polymerized glucose to oxidized glucose increases in the presence of Calcofluor. This implies that either cell-directed crystallization is an energy-requiring process or that there is energy available for polymerization that is not effectively used when normal crystallization occurs, but which can be used when the crystallization constraint is bypassed by Calcofluor. The latter alternative might explain why the extent of rate enhancement by Calcofluor varies between cell batches, which may reflect different compatibility of rates of cellular polymerization and crystallization.
The coupling of polymerization and crystallization may well be essential for the in vivo assembly of native cellulose I microfibrils. If the integrity of cell structure that mediates this coupling is disrupted, the native cellulose I microfibrils cannot be assembled, although f3-1,4 glucans may continue to be polymerized. The necessity of these two processes remaining appropriately coupled may explain why in vitro synthesis of crystalline cellulose I has thus far proved so difficult.
It is interesting to note that in vitro assembly of antiparallel a-chitin fibrils has recently been achieved (28) . The cell-free synthesizing complex, the chitosome, apparently functions independently from other cell structures to form the a-chitin polymer, which can spontaneously crystallize into the thermodynamically favored antiparallel form (29) . On the other hand, the # chitin that consists of parallel chains (30) is the exception among chitin-forming systems and may prove to have a cell-directed mode of assembly similar to the one proposed for cellulose (31) . For organisms that synthesize cellulose, however, coupled polymerization and crystallization mechanisms may have become the rule, rather than the exception.
